T follicular helper (Tfh) cells are a subset of antigen-experienced CD4
ϩ T cells with a unique ability to home to B cell follicles due to their expression of the chemokine receptor CXCR5, providing help to produce high-affinity, class-switched antibodies and B cell memory (1, 2) . They therefore play a critical role in clearance of pathogens following infection, establishment of long-term humoral immunity, and efficacy of vaccines. In humans, Tfh cells in lymphoid tissue have a distinct cell surface membrane phenotype, including CXCR5, high levels of PD-1 (CD279), and low levels of the interleukin-7 receptor alpha (IL-7R␣) chain (CD127), associated with expression of the transcription factor Bcl-6 (reviewed in reference 2). Functionally, Tfh cells are characterized by high-level expression of interleukin-21 (IL-21) (1).
Primary human immunodeficiency virus (HIV) infection is diagnosed by increasing levels of HIV-specific antibodies, as measured by Western blotting, with IgM levels peaking at around 20 days after the onset of acute illness and disappearing around 60 days later (3), while IgG antibody levels continue to increase for months (3) (4) (5) (6) . This antibody response suggests that class-switching mechanisms mediated by HIV-specific Tfh cells are present and intact, while other HIV-specific CD4 ϩ T cells, particularly Th1 cells that preferentially express CCR5, are relatively transient (7) . However, only an extremely small proportion of the HIVspecific antibodies are neutralizing, and most of these are present at low titers (6) . Broadly neutralizing anti-HIV-1 antibodies are characterized by the presence of surprisingly high levels of somatic hypermutation, which is believed to be the result of Tfh cell function in germinal centers (8) (9) (10) . We hypothesized that in human subjects, CXCR5
ϩ Tfh cells would be protected from HIV-1 infection due to their lack of CCR5 expression (2), thus allowing the full development of antibody responses to viral proteins. Since Tfh cells are localized to secondary lymphoid organs, frequent sampling from patients during different phases of infection is not easily achieved. As an alternative, we have studied these cells isolated from spleen and lymph nodes of pigtail macaques infected with CCR5-dependent, pathogenic simian immunodeficiency virus (SIV) strain SIVmac239 or SIVmac251. We show that a subset of macaque lymphoid memory CD4 ϩ T cells, which are PD-1 high CD127 low , have the characteristics of Tfh cells. Surprisingly, these cells are infected with SIV at a rate similar to those of other CD4 ϩ memory T cell subsets, despite not expressing CCR5 or either of two alternative coreceptors for SIV, CXCR6/Bonzo and GPR15/BOB. Therefore, we compared the sequences of the SIV envelope gp120 region in Tfh cells with sequences isolated from other CD4 ϩ T cell subsets and found that, as expected, mutations occurred during chronic infection, but these were consistent across different subsets, which indicates that the viruses use the same coreceptor for entry into Tfh cells. However, despite infection, Tfh cell numbers increase in relative terms during chronic infection. These findings impact the interpretation of data originating from primate models of SIV infection and our understanding of HIV-1 immunopathogenesis.
MATERIALS AND METHODS
Macaque tissues and SIV infections. Spleen and lymph node (LN) samples were taken from 13 pigtail macaques (Macaca nemestrina) and are described in Table 1 . Eight out of 13 animals were involved in a study of cytotoxic T lymphocyte (CTL) escape in which unvaccinated macaques were intramuscularly challenged with SIVmac239 (11, 12) . Five out of 13 animals were involved in a vaccine study in which selected SIV CD8 ϩ CTL epitopes were incorporated into an influenza virus vector and macaques were immunized with this vector and intravaginally challenged with SIVmac251. This approach provided no protective efficacy compared to unvaccinated controls (13) (data not shown). Spleen, mesenteric lymph nodes (MLNs), and inguinal lymph nodes (ILNs) were taken from macaques at the time of euthanasia. In 7 macaques, inguinal LNs were surgically removed at two time points (Table 1) .
Ethics statement. Lymphoid tissue experiments on pigtail macaques were approved by the Animal Ethics Committee of the Australian Animal Health Laboratory, Geelong, Victoria, CSIRO Livestock Industries, a department of the Australian Government, and cared for in accordance with the Australian Code of Practice for the Care and Use of Animals for Scientific Purposes (14) , issued by the National Health and Medical Research Council in conjunction with CSIRO Livestock Industries and the Australian Research Council. The Australian Animal Health Laboratory has Scientific Procedures Premises License (SPPL) number 113.
Single-cell isolation. Single-cell suspensions were prepared from spleens and LNs within 12 h of resection. Tissues were minced and pushed through a 70-m sieve for single-cell isolation. Excessive red cells from spleen single-cell preparation were removed by centrifugation with FicollPaque. Single cells from spleens and LNs, along with peripheral blood mononuclear cells (PBMCs), were stained with antibodies for flow cytometry analysis in real time, and cells were also cryopreserved.
Flow cytometry. Monoclonal antibodies to human or nonhuman primate (NHP) proteins used in this study were CD3-phycoerythrin (PE)-Cy7 (clone SP34-2), CD4-peridinin chlorophyll protein (PerCP)-Cy5.5 (clone L200), CD8-allophycocyanin (APC)-Cy7 (clone SK1), Bcl-6 -PE (clone K112-91), ICOS (CD278)-PE (clone DX9), CD130-PE (clone AM64), and purified CCR5 (clone 3A9) from BD Biosciences (San Jose, CA); CD45RA-energy-coupled dye (ECD) (clone 2H4) and CD126-PE (clone M91) from Beckman Coulter (Hialeah, FL); CD127-eFluor450 (clone eBioRDR5) from eBioscience (San Diego, CA); PD-1 (PE or APC) (clone EH-12) and CD127-Brilliant Violet 421 (clone A019D5) from BioLegend (San Diego, CA); purified CXCR5 (clone 710D82.1) from the NIH Reagent Resource (Boston, MA); and purified CXCR6 (clone 56811) and GPR15 (clone 367902) from R&D Systems (Minneapolis, MN).
For detection of surface markers, macaque cells were stained with fluorochrome-conjugated antibodies, according to the manufacturers' directions, for 15 min at room temperature, washed once with PBA (phosphate-buffered saline [PBS] containing 0.5% bovine serum albumin [BSA] and 0.1% sodium azide), and resuspended in 0.5% PFA (PBS con- taining 0.5% paraformaldehyde) for fixation, as previously described for human immunophenotyping (15) . A two-step staining protocol was adopted for optimal detection of CXCR5, CCR5, CXCR6, and GPR15 (16) . Macaque cells were stained with 10 g/ml purified antibody against macaque CXCR5 or human CCR5, CXCR6, and GPR15 for 1 h on ice; washed once with PBA; and incubated with a 1:50 dilution of PE-or Alexa Fluor 647-conjugated AffiniPure F(ab=) 2 fragment goat anti-mouse IgG(HϩL) secondary antibody (Jackson ImmunoResearch Laboratories, West Grove, PA) for 45 min on ice. Cells were then washed twice with PBA, blocked with 10% mouse serum for 10 min at room temperature, and stained with antibodies to other surface proteins, as described above. A negative control was performed in parallel, except that the first antibody was not added.
For intracellular detection of the intranuclear transcription factor Bcl-6, the human FoxP3 buffer set (BD Biosciences) was used to permeabilize cells. Macaque cells were first stained with antibodies to surface proteins and then permeabilized according to the manufacturer's instructions. Cells were then stained with Bcl-6 -PE antibody for 30 min at room temperature, washed once with PBA, and resuspended in 0.5% PFA.
Stained macaque cells were analyzed on a 3-laser BD LSR II instrument with FACSDiva 6.0 software (BD Biosciences), as previously described (15, 17) .
Tfh cell sorting, nucleic acid extraction, and cDNA synthesis. Cryopreserved single-cell preparations from macaque spleen or LN were thawed and stained with CD3-PE-Cy7, CD4-PerCP-Cy5.5, CD8-APCCy7, CD45RA-ECD, CD127-eFluor450, and PD-1-PE for 15 Aliquots of sorted cells were washed twice with PBS, pelleted, and resuspended in appropriate lysis buffer for nucleic acid extraction. Genomic DNA (gDNA) was prepared from one aliquot by using the Promega Wizard SV genomic DNA purification system, and total RNA was extracted from a second aliquot by using TRIzol (Invitrogen) according to the manufacturer's directions. Purified total RNA was treated with 2 units of DNase I (Invitrogen) per 1 g of RNA for 15 min at room temperature, followed by the addition of a 1/10 volume of 25 mM EDTA and heating at 60°C for 10 min.
qPCR assay for SIV proviral DNA and cell-associated RNA. SIV proviral DNA and cell-associated RNA were measured by a quantitative PCR (qPCR) assay and a two-step reverse transcription (RT)-qPCR assay, respectively, with primers that target a highly conserved region of the SIVgag p17 matrix (18) . RT reactions were performed with iScript and an oligo(dT) 20 primer according to the manufacturer's instructions (BioRad, Hercules, CA). qPCRs were performed with SYBR green I Master (Roche, Basel, Switzerland) and 0.4 M both sense and antisense primers for SIV-gag and the reference gene ␤-actin on a LightCycler 480 instrument (Roche). Samples were run in duplicate. A no-template control and, in the RT-qPCRs, a no-RT control were included in each run. Standards that consisted of 10-fold serial dilutions of plasmid DNA containing SIVgag or ␤-actin or 10-fold serial dilutions of gDNA prepared from uninfected macaque PBMCs were also included in each run to validate amplification efficiencies and to determine the copy numbers of SIV-gag and ␤-actin in the samples.
Quantification of CXCR5, IL-21, IL-21R␣, CCR5, CXCR6, and GPR15 mRNAs. Expression of mRNAs for CXCR5, IL-21, IL-21R␣, CCR5, CXCR6, and GPR15 was quantified by RT-qPCR and normalized to ␤-actin levels, as described above. Primers for CXCR5, IL-21 and IL-21R␣, CCR5 (19) , CXCR6, and GPR15 were specifically designed for macaque sequences. Sequences of sense and antisense primers for CXCR5, IL-21, IL-21R, CCR5, CXCR6, and GPR15 are as follows: CXCR5 sense primer 5=-ATTCCTGCTGCCCATGCT-3=, CXCR5 antisense primer 5=-CCACCCTGACTGCCTTCTG-3=, IL-21 sense primer 5=-CATGCCCTT CATGTGATTCTT-3=, IL-21 antisense primer 5=-TTCTAGAGGACAGA TGCTGATGA-3=, IL-21R␣ sense primer 5=-GGTCATCTTTCAGACCC AGTC-3=, IL-21R␣ antisense primer 5=-TCCAGAAGGCAGGAATGAA G-3=, CCR5 sense primer 5=-GTCCCCTTCTGGGCTCACTAT-3=, CCR5 antisense primer 5=-CCCTGTCAAGAGTTGACACATTGTA-3=, CXCR6 sense primer 5=-TGTCTGTGGCCTGGTGGGGA-3=, CXCR6 antisense primer 5=-GGCCCAGAAGGGCAGAGTGC-3=, GPR15 sense primer 5=-AACCCGGCAGCCGAAGACTG-3=, and GPR15 antisense primer 5=-GT AGGCAACCCCAGCAGGCA-3= (GPR15 sense and antisense primers were used at 0.2 M for qPCRs).
qPCR assay for spliced SIV-tat RNA. Levels of spliced SIV-tat RNA were measured by RT-qPCR as previously described (20) . The sense primer (5=-AGTGTTGCTACCATTGCCAGT-3=) binds in tat exon 1, and the antisense primer (5=-ATATGGGTTTGTTTGATGCAGA-3=) binds a sequence across the splice junction of tat exon 1 and tat exon 2 (letters in boldface type indicate the binding site in exon 2). For biological positive and negative controls of spliced SIV-tat qPCR assays, we infected CEMx174 cells with SIVmac251 and cultured the cells for 7 days until syncytia formed. Culture supernatant that contained high titers of free virus was separated from cells by spinning in a bench-top centrifuge at 13,000 rpm for 5 min. Viral RNA was extracted from the culture supernatant by using a Total RNA extraction kit (Promega, Madison, WI) according to the manufacturer's instructions. cDNA derived from viral RNA was prepared from the oligo(dT) 20 primer, as described above, and used as a biological negative control. cDNA was also prepared from total RNA extracted from infected CEMx174 cells, as described above, and used as a biological positive control.
Determination of viral load. SIV viral load was determined as previously described, with some modifications (21) . EDTA-treated whole blood was centrifuged at 950 ϫ g for 12 min at room temperature. Plasma was recovered from the top layer and stored at Ϫ80°C. RNA was isolated from 140 or 280 l plasma by using a QIAamp viral RNA kit (Qiagen, Hilden, Germany) according to the manufacturer's instructions. SIV viral load was determined by qPCR by Superscript III RT-PCR (Invitrogen) using TaqMan Universal PCR Mastermix (Applied Biosystems Inc., Foster City, CA) according to the manufacturers' instructions. A 142-bp product in the SIV-gag gene was amplified by using primers 5=-AATTAG ATAGATTTGGATTAGCAGAAAGC-3= (forward) and 5=-CACCAGAT GACGCAGACAGTATTAT-3= (reverse) and detected by using the TaqMan probe 5=-CAACAGGCTCAGAAAA-3=, using a Mastercycler ep Realplex4 instrument (Eppendorf, Hamburg, Germany). The sample viral load was determined by using a standard curve made from in vitrotranscribed SIV RNA. To make the standards, a 670-nucleotide (nt) SIVgag RNA product was in vitro transcribed by using a MEGAscript T7 kit (Ambion Inc., Austin, TX) and treated with Turbo DNase (Ambion), and RNA of the correct size was quantified by using an Agilent 2100 Bioanalyser (Agilent, Santa Clara, CA). Negative controls were included where the reverse transcriptase enzyme was omitted.
Bulk sequencing and clonal sequencing of the SIV envelope gene. The SIV gp120 region was amplified from gDNA extracted from purified CD4 ϩ T cell subsets by using Platinum Taq High Fidelity DNA polymerase (Life Technologies, Grand Island, NY). Sense primer gp120F (5=-CAGCTGCTTATCGCCATCTTGCT-3=) binds to a constant region upstream of the first variable region (V1), and antisense primer gp120R (5=-CGAGAAAACCCAAGAACCCTAGCAC-3=) binds to a constant region downstream of the last variable region (V5) of gp120, generating an amplicon of ϳ1.6 kb. Following initial denaturation at 94°C for 2 min, 45 cycles of 94°C for 15 s, 62.5°C for 30 s, and 68°C for 1 min 45 s were performed. Amplicons were purified by using a PCR cleanup kit (Promega) before setting up bulk sequencing reactions or TA cloning into pCR4 (Life Technologies) for clonal sequencing.
For bulk sequencing, primers gp120F and gp120R plus the following additional four primers that bind to the constant regions within gp120 (see below) were used to sequence each sample, to ensure that all regions were covered by a high quality of sequencing signals: C4R (5=-TCTGCTC TAGTTCCATTAAAGCCAAACC-3=), C4F (5=-GGTTTGGCTTTAATG GAACTAGAGCAGA-3=), C3F (5=-ACAGGCTTGGAACAAGAGCAAA TGA-3=), and C5R (5=-GATCTCCTCCTCCAGGAGCCGT-3= Sequence alignment was performed by using high-quality sequences with MacVector with Assembler (version 12.5.0).
Anti-SIV antibody levels. SIV antibody levels to HIV-2 p36 in macaque plasma were measured by an enzyme-linked immunosorbent assay (ELISA), using a GS HIV-2 EIA kit (Bio-Rad) according to the manufacturer's instructions. Western blotting was also performed to confirm the result, as previously described (22) .
Statistics. Statistical significance was analyzed by a Kruskal-Wallis test, Wilcoxon signed-rank test, or Mann-Whitney test with Prism 5.0 (GraphPad, La Jolla, CA). Unless otherwise indicated, data represent the median Ϯ interquartile, with a P value of Ͻ0.05 considered statistically significant. (2, 23) , the phenotype of macaque Tfh cells has not been extensively investigated. Despite a thorough screen, we found no antibody to human CXCR5 that cross-reacted with macaque CXCR5 available at the time when we commenced this study (data not shown). Therefore, we investigated other antibody combinations to define macaque Tfh cells based on the human cell surface phenotype and antibody cross-reactivity with macaques. PD-1 has been shown to be highly upregulated on Tfh cells in both mice and humans (2, 24) and to have a role in optimally sustaining germinal centers (25) . We found that the anti-human PD-1 antibody clone EH12.2H7 cross-reacted with the macaque protein, and it clearly divided CD45RA-negative memory CD4 ϩ T cells from macaque lymphoid tissues into three populations ( Fig. 1A ; see also Fig. S1 in the supplemental material for a more detailed gating strategy). The addition of an antibody to CD127, the ␣-chain of the IL-7 receptor, allowed us to objectively set the cutoff between PD-1 high and PD-1 med cells (see Fig. S2 in the supplemental material), as the cells that express the highest level of PD-1 do not express this long-term memory marker, consistent with the highly activated status of human Tfh cells (26) and as confirmed by recent microarray data for rhesus macaques (2, 27 (Fig. 1D) . Therefore, although CXCR5 staining confirmed our real-time PCR data and verified our flow cytometric strategy for isolation of Tfh cells, staining of CXCR5 with this particular antibody may not be adequate for definitive identification or purification of Tfh cells in macaque lymphoid tissues. This is consistent with recently reported data (27) .
RESULTS

PD
Finally, intracellular staining with monoclonal antibody to Bcl-6 showed that the expression of this transcription factor, characteristically expressed in Tfh cells, was restricted to PD-1 high CD127
low memory CD4 ϩ T cells from macaque lymphoid tissues (Fig. 1E) . Similarly, PD-1 high CD127 low memory CD4 ϩ T cells also expressed the important Tfh-costimulatory molecule ICOS (Fig. 1E) .
Taken together, these data confirm that PD- ϩ memory CD4 ϩ T cell populations from single-cell suspensions derived from macaque lymphoid tissues. Genomic DNA (gDNA) was extracted, and total SIV-gag was measured by qPCR. SIV-gag DNA was present in PD-1 high CD127 low Tfh cells from spleen and/or lymph node tissue from all 13 macaques, and the copy number normalized to the ␤-actin copy number was comparable to that found in the other sorted memory CD4 ϩ T cell subsets ( Fig. 2A) . As controls, CD45RA ϩ CD4 ϩ T cells, which are predominantly naïve cells in lymphoid tissues, with a median of over 97% being CD27 ϩ (n ϭ 8) (a representative plot is shown in Fig. S1B in the supplemental material) , from 12 samples were sorted, and SIV-gag DNA was measured. As expected, the tissue naïve CD4
ϩ T cell subset contained SIV-gag DNA at significantly lower levels than in the Tfh, PD-1 med , or PD-1 low memory CD4 T cell subset (median difference, 5.9-, 6.4-, and 3.4-fold less, respectively; P Ͻ 0.0039) (Fig. 2B) . As an additional control, CD4 Ϫ CD8 ϩ T cells from three samples were purified by sorting, and SIV-gag DNA was below the level of detection in these purified cells (data not shown).
We also found that there was a trend toward higher infection levels at an earlier phase (14 to 28 days postinfection [p.i.]) than at a later phase (77 to 469 days postinfection) when we compared sequential inguinal lymph node samples from 4 macaques (Fig. 2C) ; however, there were insufficient samples for formal statistical analysis. Importantly, this high level of infection seen in lymph node Tfh cells within 2 weeks to 1 month of infection indicates that the infection of this subset is established early and at rates comparable with those of other memory CD4 ϩ T cell subsets.
Since SIV DNA in Tfh cells may have been transcriptionally inactive, we then measured cell-associated viral RNA in macaque Tfh cells by RT-qPCR for SIV-gag and spliced tat. Macaque Tfh cells contained low but detectable levels of both SIV-gag RNA (Fig.  3A) and spliced-tat RNA (Fig. 3B) . The expression levels of both viral genes in PD-1 high CD127 low memory CD4 ϩ T cells was not significantly different from those in other memory CD4 ϩ T cell subsets, suggesting that they were as likely as other memory cell populations not only to be infected with SIV but also to transcribe viral genes.
Percentages of Tfh cells in macaque lymph nodes increase in chronic SIV infection.
Since Tfh cells are infected with SIV early after inoculation, we studied whether percentages of these cells decreased during the course of progressive SIV infection in inguinal lymph node (ILN) biopsy specimens taken either early in infection (Յ28 days p.i.) or later in infection (Ն77 days p.i.). In five individuals, sequential ILN biopsy specimens were obtained both early and late. The results show that, as expected, there was a slightly lower percentage of CD3 ϩ T cells that were CD4 ϩ , although this was not statistically significant (Fig. 4A) . In contrast, the percentage of CD4 ϩ T cells that exhibited the PD-1 high CD127 low Tfh phenotype increased significantly, from a median of 4% to 10% (P ϭ 0.0011) (Fig. 4B) . The large increase was observed not only cross-sectionally but also in 4 out of 5 pigtail macaques that had serial ILN biopsy specimens (Fig. 4B) . The increase in the percentage of Tfh cells was even more dramatic relative to other memory CD45RA Ϫ CD4 ϩ T cells, increasing from a median of 9% to 28% memory CD4 ϩ T cells (P ϭ 0.0009) (Fig. 4C ). IL-6 and IL-21 have been reported to play important roles in Tfh cell development (28) . We found that a substantial proportion of macaque Tfh cells highly expressed the two components of the receptor for IL-6, CD126 and CD130 (Fig. 4D to F) but not receptors for IL-2, IL-4, or IL-10 (data not shown). Furthermore, Tfh cells did not preferentially express the receptor for IL-21 at either the protein or mRNA level (data not shown).
Macaque Tfh cells do not express known SIV coreceptors. Given that the rates of SIV infection were similar in each of the CD4 ϩ memory T cell subsets purified from macaque lymphoid tissue, we asked whether the PD-1 high CD127 low cells expressed any of the coreceptors for SIV, particularly CCR5 or CXCR6/Bonzo and GPR15/ BOB, which have been reported to be alternative coreceptors for certain SIVmac strains (reviewed in reference 29).
We stained macaque spleen and lymph node samples with antibodies against CCR5, CXCR6, and GPR15 but could not detect substantial expression on Tfh cells despite demonstrating clear expression of the coreceptors on non-Tfh memory CD4 ϩ T cells in both uninfected and infected macaques ( Fig. 5A and B) . Furthermore, RTqPCR confirmed low expression levels of these genes in Tfh cells (Fig.  5C ), but we also observed downregulation of CCR5 expression in other memory CD4 ϩ T cell subsets during chronic infection (Fig. 5B) . This confirms that macaque Tfh cells lack expression of CCR5, as previously reported for murine Tfh cells (2), and is consistent with our observations of human lymph nodes (data not shown).
Within each macaque, SIV envelope gp120 sequences from Tfh cells were highly similar to the sequences from other CD4 ؉ T cell subsets. To investigate whether the virus may have entered macaque Tfh cells via a coreceptor substantially different from that used in other memory CD4 ϩ T cell subsets, probably CCR5, we first bulk sequenced the PCR products of the SIV envelope gp120 region, amplified from proviral DNA isolated from purified Tfh cells, from eight pigtail macaques acutely or chronically infected with SIVmac239 or SIVmac251. We also sequenced proviral DNA from other memory CD4 ϩ T cell subsets or naïve CD4 ϩ T cells from the same animals. Consistent with previous reports, mutations were observed during chronic infection, compared to the reference SIVmac239 (GenBank accession no. M33262) or SIVmac251 (GenBank accession no. M19499) sequence. Although mutations occurred with different patterns within gp120 in each chronically infected macaque, these mutations were highly similar among each T cell subset isolated from the same macaque, as determined by bulk sequencing (Fig. 6) . Next, we performed clonal sequencing on proviral DNA from purified CD4 ϩ T cell subsets from a macaque acutely infected with SIVmac239 (28 days p.i.). We sequenced a total of 79 clones of gp120 PCR products, comprising 16 to 23 clones from each of the four memory CD4 ϩ T cell subsets. Some clones (20/79) were 100% identical to the reference sequence at the nucleic acid level, and 34/79 sequences had no predicted amino acid changes. The majority of the clones contained only 1 to 5 nucleic acid mutations, with 2 clones having 11 mutations, at this very early, day 28, time point (Table 2 ). These mutations were randomly distributed across the gp120 sequence and across the subpopulation of T cells without a particular pattern emerging, nor were any of these mutations overrepresented among sequences derived from a particular memory CD4 ϩ T cell subset. Because each subset represented a very small minority population found within the sequences for each T cell population, these mutations were not readily detected by bulk sequencing. It was reported previously that an amino acid substitution at position 324 in the SIVmac239 envelope plays an important role in coreceptor choice, cell tropism, and CD4-independent cell fusion (30); however, no mutation at this position was found in any of the clones that we sequenced. Furthermore, there was no clustering of particular gp120 proviral DNA sequences on the phylogenetic tree within specific CD4 ϩ T cell subsets (see Fig. S3 in the supplemental material).
Both bulk sequencing and clonal sequencing results confirmed that gp120 sequences from Tfh cells are highly similar and distributed among the Tfh cells in a manner similar to those from other CD4 ϩ T cell subsets. These results strongly suggest that the evolutionary pressures exerted within each of these populations are similar and that there has not been purifying selection driven by differential coreceptor usage among these populations.
Effect of SIV infection of Tfh cells on SIV-specific antibody production. We longitudinally measured the level of anti-SIV antibodies in the pigtail macaques included in this study. SIV anti -FIG 3 (A) SIV-gag cell-associated RNA copy numbers normalized to ␤-actin copy numbers. There was no significant difference (n ϭ 14) among the 4 memory
CD4
ϩ T cell subsets. (B) Spliced-tat RNA copy numbers normalized to ␤-actin copy numbers from three macaque samples. Spliced-tat levels in cells from another three macaque samples were above the limit of detection but below the limit of quantification and are not shown.
bodies were detected in plasma samples from all 13 macaques from time points later than 2 to 3 weeks after infection (Fig. 7) . Five of the 13 macaques were euthanized before the first 6 months postinfection, and in 4 out of 5 of these macaques, SIV antibody levels were increasing at the time of euthanasia (Fig. 7A) . The other 8 macaques were euthanized at between 6 months and 1 year after infection. Half of these macaques had continuously increasing antibody levels until euthanasia (Fig. 7B) , while the other half had peak antibody levels between days 35 and 97, which then decreased with a variable time course (Fig. 7C) . These results show that these macaques were capable of making an SIV-specific antibody response, despite evidence of infection of Tfh cells with SIV.
DISCUSSION
In order to study the effect of SIV infection on macaque Tfh cells, we have demonstrated that PD-1 high CD127 low memory CD4 ϩ T cells in lymphoid tissue can be characterized as CXCR5 ϩ , IL-21 ϩ , ICOS ϩ , Bcl-6 ϩ , and IL-6R ϩ cells, analogous to Tfh cells in mice and humans (2, 31) . The phenotype of macaque Tfh cells has not been extensively studied. In particular, the expression of the transcription factor Bcl-6 is an important regulator of Tfh differentiation (2) and was clearly upregulated in pigtail macaque PD-1 high CD127
low memory CD4 ϩ T cells. This definition of Tfh cells is consistent with that reported very recently by Petrovas and colleagues (27) .
Subsequently, we showed that highly purified pigtail macaque PD-1 high CD127 low memory CD4 ϩ Tfh cells were infected with SIV DNA and SIV RNA. The presence of spliced SIV mRNA indicates that these cells can be productively infected. Rapid progression of SIV infection occurs in 10 to 30% of rhesus macaques infected with SIVmac251 or SIVsm strains. These macaques produce little or no SIV-specific antibody response (32, 33) , consistent with a complete loss of CD4 ϩ T cell helper activity, and are , and CD127 ϩ memory CD4 ϩ T cells as well as CD45RA ϩ naïve CD4 ϩ T cells) of macaques infected with SIVmac239 or SIVmac251. SIVmac239 and SIVmac251 reference sequences were downloaded from GenBank, and SIVmac251 was assigned to be the root of the tree. The sample name shows the macaque identification, days postinoculation, and subset name in order. Branches are scaled in absolute numbers of differences according to the scales at the bottom of the trees. characterized by high numbers of productively infected cells (33) , including in germinal centers after primary infection (32) , and significantly higher levels of apoptosis in the T cell areas of lymph nodes (34) . Importantly, in the 13 macaques included in the current study, there were no such antibody-negative rapid progressors, suggesting that in our cohort, infection of Tfh cells was associated with typical progression and not related exclusively to rapid progression.
Our results confirm and extend a recent report that impairment of antibody responses in SIV-infected rhesus macaques was associated with viral infection of PD-1 ϩ lymph node cells (35) . However, that study did not distinguish cells on the basis of the extent of PD-1 expression, which we found was important in defining Tfh cells. As a result, the cells studied were described as ICOS ϩ and CTLA-4 ϩ , both of which can be expressed by both T regulatory cells (36) and activated Th1 cells in acute HIV-1 infection (7, 17) . Our results confirm, and extend, a more recent report of infection of Tfh cells in rhesus macaques at rates similar to those of other memory subsets on the basis of viral DNA copies per cell (27) .
Our results also demonstrate that in typical progressive SIV infection, while there is infection of Tfh cells, the function of these cells appears overall to be intact, since there is continuing development of anti-SIV antibody responses, and in fact, the proportion of Tfh cells in lymph nodes increases longitudinally. Two other very recent studies reported a progressive increase in numbers of PD-1 ϩ Tfh cells in chronic SIV infection (27, 37) , and similar increases have been noted for humans chronically infected with HIV-1 (38) . In a previous study by Hong et al. (37) , occasional CD4 ϩ cells in germinal centers were also SIV Gag ϩ by immunohistochemistry, and in the study by Petrovas et al., similar rates of SIV DNA were detected in each sorted memory cell subset. Our results show similar rates of SIV DNA infection and furthermore show that this provirus is transcriptionally active, with SIV RNA being present in highly purified PD-1 high CD127 low memory CD4 ϩ T cells. These observations are consistent with previous observations that there is an increased development of germinal centers in pathogenic primate models of primate SIV infection compared to nonpathogenic models (39) .
A very recent report showed that pathogenic SIV infection of rhesus macaques and HIV infection of humans are associated with productive infection of Tfh cells, together with very large deposits of virions on follicular dendritic cells, in germinal centers, at much higher levels than those found in sooty mangabeys, a natural host for SIV (40) . This intriguing finding suggests that germinal center reservoirs may indeed be an important defining pathogenic feature of SIV/HIV infection. Germinal centers in HIV-1 infection represent the largest reservoir of HIV-1 in the body within infected individuals (reviewed in reference 41).
The mechanisms for Tfh cell accumulation during chronic SIV/HIV infection are yet to be fully resolved. Recent studies of lymphocytic choriomeningitis virus (LCMV) infection in mice (42) , SIV infection in rhesus macaques (27, 37) , and HIV infection in humans (38) have shown that chronic viral persistence leads to an increase in the number of Tfh cells. In the LCMV-infected murine model, viral persistence and prolonged T cell receptor (TCR) stimulation were shown to progressively redirect CD4 ϩ T cell development away from a Th1 response during acute infection and toward a Tfh-dominated response during the chronic phase (42) . In this model, a post-acute-phase IL-6 response was associated with a resurgence in antibody-mediated clearance of viral infection (43) . It is therefore intriguing that both IL-6 mRNA levels in lymph nodes and IL-6 protein levels in plasma are dramatically upregulated following SIVmac239 (44) and SIVmac251 (45) infections, respectively. Another molecular mechanism that could contribute to the skewing of effector CD4 ϩ T cells toward Tfh cells was recently described (46) . In this model, excess Bcl-6 represses its direct target Prdm1 when levels of IL-2 are limiting, allowing the switch-on of Tfh-like genes, including CXCR5, BTLA, and IL-6R␣. Taken together with the fact that IL-2-producing T cells are lost during chronic HIV/SIV infection and our finding of the presence of IL-6R on macaque Tfh cells, chronic exposure to IL-6 and the limited IL-2 production from CD4 ϩ T cells which characterize SIV and HIV infections may both contribute to the relative accumulation of Tfh cells during SIV infection. In addition, a lack of the peripheral trafficking marker S1PR1 and expansion of germinal center B cells during chronic SIV/HIV infection may cause Tfh cells to accumulate in tissues and escape cell death through interactions with PD-L1, despite their low rates of expression of Ki-67 in vivo but high spontaneous caspase-3 activity in vitro (27, 38) .
How SIV infects PD-1 high CD127 low Tfh cells remains an open question. We found that PD-1 high CD127 low Tfh cells did not express significant levels of any of the best-described coreceptors for SIV, namely, CCR5, CXCR6/Bonzo, or GPR15/BOB (29) . Human Tfh cells have been shown to express CXCR4 (23), and we did find expression of CXCR4 on PD-1 high CD127 low Tfh cells, as expected (data not shown). CXCR4 acts as the major alternate coreceptor for HIV-1, but it is generally found that SIV strains and in particular SIVmac239 and SIVmac251 rarely use CXCR4 for entry (29) . Furthermore, CXCR5 usage has not been found for HIV-1 isolates from PBMCs (47) or for SIVmac251 (48) , although it was reported for 2 strains of HIV-2 (48) . Despite rare usage of either CXCR5 or CXCR4 by SIV, macaque Tfh cells have never been specifically studied before. Therefore, further studies are required to clarify the coreceptor usage governing entry of SIV into Tfh cells.
Alternatively, Tfh cells may be derived from activated CD4 ϩ T cells in paracortical areas of lymphoid tissue and pass through an intermediate differentiation step (1, 2) , where they may be susceptible to infection with SIV, prior to fully differentiating and migrating into B cell follicles. Our SIV envelope sequencing data seem to favor this hypothesis. Interestingly, preliminary data suggest that a proportion of PD-1 med CD127 low cells can upregulate surface PD-1 to a level comparable to that in Tfh cells upon in vitro TCR stimulation (data not shown), which suggests that Tfh cells may arise from these PD-1 med CD127 low cells, which highly express CCR5. Whether or not Tfh precursors are infected and continue to differentiate into PD-1 high CD127 low Tfh cells is a very important issue to be addressed. Further studies are still required to clarify the exact steps of the cellular pathway of Tfh cell differentiation (1, 2), in particular whether or not Tfh cells differentiate directly from activated naïve CD4 ϩ T cells or via other lineages (1, 2).
It remains important to investigate possible infection of Tfh cells in human lymphoid tissue during HIV-1 infection, especially as similar increases in Tfh cell numbers in chronic HIV infection were recently noted (38) , and a very recent paper reported that Tfh cells from human lymph node biopsy specimens from HIV-positive (HIV ϩ ) subjects contain HIV-1 DNA (49). Furthermore, purified Tfh cells from lymph nodes from HIV-uninfected subjects were readily infected in vitro (49) by a CXCR4-using strain of HIV-1, but coreceptor expression or usage was not studied. How Tfh cells may be infected in vivo during HIV-1 infection remains unknown. These results confirm and extend previous reports of productively infected CD4 ϩ T cells in germinal centers (50) and infection of germinal center CD4 ϩ cells with proviral HIV-1 DNA (51), but in those reports, these cells were not characterized as Tfh cells.
The recent association of vaccine protection with induced antibody responses (52) and findings that multiple mutations in Ig variable regions are required for broadly neutralizing antibodies (8-10) imply an extremely important role for Tfh cells and germinal center reactions in vaccine protection. Such neutralizing antibody responses are relatively rare and can take months to years to develop (6) . Follicular hyperplasia and increased numbers of germinal centers are characteristic of early chronic HIV-1 infection (53) but are not found in very early primary HIV-1 infection, suggesting that the earliest detectable antibodies, appearing within days after the onset of symptoms (3, 4, 6) , may come from extrafollicular B cell responses (54) and that germinal center reactions require additional time before they are initiated. Following primary HIV-1 infection, HIV-specific antibody responses continue to evolve for months, as judged by longitudinal diagnostic Western blots (4, 5) , and also, very early intervention with antiretroviral therapy during primary HIV-1 infection can result in decreased titers of anti-HIV-1 antibodies (55), consistent with the protracted nature of the typical anti-HIV-1 humoral response. Correlating Tfh cell functionality with affinity maturation of anti-HIV-1 antibodies and somatic mutation of Ig genes in individual HIV-specific B cell clones will be a future research goal of the field.
Despite infection of human Tfh cells with HIV-1, antibody responses to HIV-1 envelope quasispecies continue to develop de novo as the virus evolves to escape earlier antibody responses (56, 57) , possibly contributing to the equilibrium of steady-state viral loads (58) . Also, whether infection of Tfh cells contributes to follicular abnormalities (59), B cell hyperactivity, and hypergammaglobulinemia (60) , all of which are characteristic of chronic HIV-1 infection, is unclear. Most important is the issue of whether direct infection of Tfh cells is a major contributor to the general paucity of high-titer anti-HIV-1-neutralizing antibodies in natural infection. An improved understanding of the impact of HIV-1 infection on cell-cell interactions and germinal center dynamics in lymphoid tissue is likely to inform these unresolved questions.
